ABSTRACT In this paper, a design approach for aperture coupled modified cylindrical dielectric resonator antenna (cDRA) array is discussed. The proposed radiating element is dual cylindrical ceramic blocks placed with a small gap. The proposed aperture excites dual radiating mode pattern inside modified cDRA, i.e., HEM 11δ and TE 01δ . The arrangement of radiating elements, i.e., dual cylindrical ceramic blocks, provides lower Q-factor (wider impedance bandwidth). Conversion from a single radiating element to an array arrangement provides the gain enhancement of 3.0 dBi in the complete operating frequency range. The proposed aperture offers circularly rotating EM wave within frequency range 4.5-5.7 GHz. Antenna prototype is fabricated for the validation of simulated near as well as far-field parameters. Practically measured outcomes confirm that it is working in between the frequency range 4.7-6.4 GHz. The 3-dB axial ratio bandwidth of the proposed radiator is about 23.52% (4.5-5.7 GHz). Directional radiation pattern and circular polarization features make the proposed radiating structure more appropriate for WLAN (5.2 GHz) and local thermal equilibrium (LTE) band 46 (5.5 GHz) applications.
I. INTRODUCTION
Dielectric Resonator (DR) as a radiator is an emerging technology in the field of antennas. The evolution of DR from filter/oscillators to antenna was first confirmed by U.S. based research group [1] . It was headed by an eminent researcher S.A. Long in 1983. Dielectric resonator antenna (DRA) is being greatly focused because of its some natural potentials such as no metallic loss, compatible to different feeding techniques, ability to support diversified far-field patterns with the excitation of multiple mode patterns [2] . Currently, two main research areas are concentrated in the field of DRAs: (a) DRA array; (b) circularly polarized (CP) DRA. DRA array is usually used to provide directional radiation patterns, which in turn provides higher gain value in the working frequency range. On the other hand, CP DRAs provide orientation independency between transmitter and receiver.
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That's why; it can be widely used in satellite as well as other wireless applications [3] .
In open literature, there are so many methods available for achieving the wideband CP DRAs. To obtain wideband CP waves in DRAs, two techniques are broadly used: (a) modified shaped ceramic material [4] , [5] ; (b) modified shaped feeding mechanism [6] . Chair et al. proposed a stair shaped DRA for creating wideband axial ratio bandwidth i.e. 10.6 % (9.4 -10.45 GHz) [7] . Similarly, Pan and Leung presented a Trapezoidal shaped ceramic material for getting circular polarization. In this radiating structure, 3-dB Axial Ratio bandwidth is about 21.5% [8] . In the aforementioned method, design methodology is easy but it is quite difficult to fabricate such shape of ceramic material. For removing this drawback, Li et al. proposed a two vertical strips fed rectangular DRA. It was provided 3-dB axial ratio bandwidth in between the frequency range 2.6-3.78 GHz [9] . Zou et al. presented archimedean spiral aperture coupled rectangular DRA for obtaining the wideband CP characteristics. It provides VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ 25.5 % ((1.95-2.52 GHz) 3-dB axial ratio bandwidth [10] . Kumar and Chaudhary [11] also added a CP DRA in the same row. They have used question mark shaped microstrip line to fed Cubin DRA. It gives 3-dB axial ratio bandwidth of about 20.62% [11] . However, CP antenna makes the transmitter and receiver orientation independent but it suffers from excessive power loss. This creates the problem of reduce gain. The combination of antenna array concept with circular polarized antenna can reduce the problem of gain. A very few research articles are available on circularly polarized DRA array. Lung et al. proposed elliptical DRA array, which can support CP waves in the operating frequency range. It provides approximately 10.0 dBi peak gain and 26% axial ratio bandwidth [12] . Rana and Parui [13] proposed a wideband CP rectangular DRA array. It provides maximum gain of 12.1 dBi, but it suffers from larger physical size 135 × 48mm 2 as well as lesser axial ratio bandwidth i.e. 10% (6.2-6.85 GHz) [13] . In this article, a discussion is being carried out on designing process of a wideband dielectric resonator antenna array with polarization diversity. The article initiates with the design and analysis of modified aperture coupled dual cylindrical ceramic blocks. It provides not only wider impedance bandwidth, but also the CP waves with in the working frequency range i.e. 4.7-6.4 GHz. It can be used for WLAN (5.2 GHz) and LTE band 46 (5.5 GHz) applications. Second phase of this article converts the simple radiating structure into array based antenna design. This modification improves the antenna gain approximately by 3.0 dBi. For better understanding the design and analysis of the proposed antenna, the entire article is segmented into sub-sections: (i) geometric layout of the proposed antenna design; (ii) step by step analysis of the proposed antenna design; (iii) experimental verification and (iv) conclusion.
II. GEOMETRICAL LAYOUT OF ANTENNA DESIGN
Schematic diagram of the proposed antenna array is shown in Fig.1 .
Rectangular aperture along with two vertically placed slots in opposite direction has been etched out from the top of FR-4 substrate ε r,sub = 4.4; tan δ =0.02 , which is displayed in Fig. 1 (a) . 3-dB power divider is designed on the beneath of the same substrate. It is shown in Fig. 1 (b) . Panoramic view of proposed antenna design is presented in Fig. 1 
(c).
It consists of four cylindrical ceramic blocks. The combination of two ceramic blocks is fed by one dual L-shaped aperture. Gap between dual cylindrical ceramic materials is 2.0 mm. These ceramic blocks are made up of Alumina material (ε Alumina = 9.8; tan δ =0.002). Its diameter is 16.0 mm while its height is 8.0 mm. The size of FR-4 substrate is 105 × 54mm 2 . Optimized dimension of other antenna parameters is given in Table- 1.
III. WORKING PRINCIPLE OF THE PROPOSED ANTENNA DESIGN
For proper understanding the working of the proposed antenna design, this section is divided into two sub-sections i.e. single radiator analysis and array antenna analysis.
A. SINGLE RADIATOR ANALYSIS
In order to find out the reason of getting wider impedance bandwidth, Fig. 2 displays the |S 11 | variation with step by step modifications (four cases) in single radiator based antenna design: (a) microstrip line fed modified aperture with single cDRA; (b) microstrip line fed modified aperture without cDRA; (c) simple rectangular aperture coupled modified cDRA; (d) rectangular aperture with slot-1 coupled modified cDRA; (e) modified aperture coupled modified cDRA. From  Fig. 2 , three interpretations are established: (i) in case of single DR element, impedance bandwidth has been reduced, while the nature of variation remains same; (ii) complete working frequency band is due to modified cDRA; (iii) simple rectangular aperture creates HEM 11δ mode in modified cDRA at 5.3 GHz, which is quite obvious because it behaves like a horizontally placed magnetic dipole [14] ; (iv) addition of two slots with rectangular aperture generates TE 01δ mode at 6.1 GHz because asymmetrical slot structure act as vertically placed magnetic dipole [15] . E-field lines at 5.3 GHz and 6.1 GHz is drawn in Fig. 3 . It confirms the aforementioned assumption of mode pattern i.e. HEM 11δ mode at 5.3 GHz and TE 01δ mode at 6.1 GHz [13] . Fig.4 (a) displays the axial ratio variation of single radiator based antenna design with three different cases: (i) microstrip line fed modified aperture without cDRA; (ii) simple rectangular aperture coupled modified cDRA; (iii) modified aperture coupled modified cDRA.. From Fig. 4 (a) , it can be said that rectangular slot produces the E X field component while slot-1 and slot-2 creates E Y field component in modified cDRA. Fig. 4 (b) shows the axial ratio variation with change in Length 'L 3 '. From Fig. 4 (b) , it can be observed that change in Length 'L 3 ' with respect to 'L 1 / L 2 ' generates 90 0 phase difference between the orthogonal field components. This is the reason of generation of circular EM wave generation.
B. ANTENNA ARRAY ANALYSIS
Before starting antenna array designing, isolation between two radiating elements is analyzed. Two elements are placed with a center-to-center separation of 48.0 mm. Fig. 5 displays its S-parameter variation over the operating frequency range. It can be observed that isolation between two radiating element is more than 25 dB over the complete working frequency range [11] . So, 48.0 mm separation between two radiators is taken as reference for proposed antenna array.
In order to convert single radiator design into antenna array, 3-dB power divider has been utilized with simple microstrip feed line. In the proposed feeding network, one quarter wave impedance transformers (λ/4) are used [3] . Fig. 6 displays the |S 11 | variation with single radiating element and proposed antenna array. From Fig. 6 , it can be said that |S 11 | variation is approximately same for single radiating element and proposed antenna array. Fig.7 shows the axial ratio variation with single radiating element and proposed antenna array. From Fig. 7 , it can be observed that axial ratio variation over the frequency range is almost same for both single radiating element and proposed antenna array. It is due to the fact that antenna array provides more directive pattern as compare to single radiating element. Fig. 9 shows the |S 11 | variation with change in gap between two cylindrical alumina blocks. It can be perceived from Fig. 9 that as the gap between two alumina blocks is increased, impedance bandwidth has been increased. It is due to the reduction in effective permittivity (because of air gap enhancement). This will results in reduction of quality factor [14] .
IV. EXPERIMENTAL OUTCOMES
In this segment of presented article, optimized simulated outcomes are verified with the help of practically measured results. For that purpose, prototype of proposed radiator is fabricated. It is shown in Fig. 10 . In order to validate the optimized |S 11 | variation, N5221A PNA Microwave Network Analyser has been utilized. Comparison of measured and simulated |S 11 | variation is shown in Fig.11 . Measured |S 11 | is quite matched to the simulated one. The deviation between simulated and measured reflection coefficient is because of adhesive material in order to fix the ceramic material over FR4 substrate. The use of glue reduces the effective permittivity of the antenna structure, which in turn vary the measured impedance bandwidth [17] . From measured |S 11 |, it can be said that the proposed radiator operates over the frequency range 4.7-6.4 GHz with the fractional bandwidth of 30.9%. Fig. 12 displays the comparison between the measured and simulated axial ratio variation. Practically, axial ratio is measured by placing the antenna prototype in the anechoic chamber. Dual linear pattern measurement technique has been utilized for the same [16] . There is good match between measured and simulated axial ratio. From Fig.12 , it can be perceived that the proposed radiator produces the circular EM waves in between 4.5 GHz-5.7 GHz with the percentage bandwidth of 23.52%. AR bandwidth is less as compare to impedance bandwidth because in the proposed antenna design aperture coupling is used to excite the cDRA which provides the non-linear sequential phase difference and uneven power distribution over the frequency range. It will limit the axial ratio bandwidth [12] . Table-2 shows the performance evaluation of proposed antenna design in comparison to other published one on the basis of impedance as well as axial ratio bandwidth, gain and overall physical size. From Table-2, it can be said that proposed radiator provides better performance in totality. Fig. 13 (a) displays the measured and simulated LHCP/RHCP pattern in XZ-plane at 5.1 GHz. LHCP and RHCP pattern is plotted in XZ plane because axial ratio is measured towards broadside direction θ =0 0 ; φ =0 0 . These patterns are measured with the assistance of horizontal and vertical field pattern at 5.1 GHz. RHCP and LHCP is calculated by using following formula [16] :
From Fig. 13 (a) , RHCP is approximately 20 dB more as compare to LHCP in broadside direction. It confirms that the proposed antenna design creates anti-clockwise circular field rotation in the working frequency range. Maximum radiation occurs towards direction, which confirms the presence of HEM 11δ mode at 5.1 GHz [12] . Fig. 13 (b) and 13 (c) displays the 2D far-field pattern in XZ and YZ-plane at 6.13 GHz. In XZ-plane, the maximum power achieved at lower elevation angle, which confirms the presence of TE 01δ mode at 6.13 GHz [12] . There is good co-pol to cross-pol difference, which is required for linearly polarized antenna. Fig. 14 displays gain and radiation efficiency variation with respect to frequency. Gain is measured with the help of two antenna method [3] . It is measured in broadside direction. There is good match between simulated and measured gain. The value of maximum gain in operating frequency range is about 10.0 dBi. On the other hand, the radiation efficiency is approximately 80% throughout the frequency band. The value of gain is increasing with frequency because the effective area of radiator increases with respect to wavelength [3] . 
V. CONCLUSION
In this article, design methodology of wideband dualpolarized modified cDRA array has been explained. The main attraction of proposed antenna design is its ability to generate circular EM wave (4.5-5.7 GHz) along with enhanced gain (due to use of concept of antenna array). Rectangular aperture along with two vertically placed slots in opposite direction excites dual mode pattern inside the modified cDRA i.e. HEM 11δ and TE 01δ . Modified cDRA is designed in such a way so that it gives lower Q-factor. The proposed antenna design is working from 4.7 GHz to 6. 
